Simulation of Initiation, Transport, and Deposition of Granular Avalanches: Current Progress and Future Challenges  by Denlinger, Roger P.
 Procedia IUTAM  10 ( 2014 )  363 – 371 
2210-9838 © 2013 Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and/or peer-review under responsibility of the Organizing Committee of The 23rd International Congress of Theoretical and Applied 
Mechanics, ICTAM2012
doi: 10.1016/j.piutam.2014.01.031 
Available online at www.sciencedirect.com
ScienceDirect
23rd International Congress of Theoretical and Applied Mechanics 
Simulation of initiation, transport, and deposition of granular 
avalanches: Current progress and future challenges 
Roger P. Denlinger* 
U.S. Geological Survey, Cascades Volcano Observatory, 1300 SE Cardinal Court, Vancouver, WA 98683, USA 
Abstract 
Since 1989 models to route debris flows and avalanches for hazards mitigation have been constructed using the 
seminal work of Savage and Hutter. With this approach a Saint Venant model for wet or dry granular flow is 
constructed by depth integrating equations for mass and momentum conservation, evaluating stress using bulk 
mixture values and a Coulomb failure criterion. Such models rely on just three forces to determine whether motion 
will occur: the force giving downslope acceleration, drag along the bed during flow, and the stress gradients derived 
from variations in thickness of the flow. With this construction most avalanche models simply begin with a force 
imbalance set large enough to reproduce the runout and deposits observed.  However research into granular flow 
mechanics has advanced our knowledge considerably in recent years, allowing construction of a new and more 
powerful class of models that incorporate the effects of changes in internal structure in the flow, and explicitly 
include phenomenon such as fluid-solid coupling during rapid deformation of saturated granular mixtures. The 
defining feature of these more sophisticated models is that they can evolve from a stable stress state into an unstable 
state such that, given certain conditions, an initially stable rock or soil masscanbegin to creep or deform slowly well 
before it eventually accelerates rapidly andflows downhill. The contrast between simple and sophisticated models is 
illustrated by comparison of a simple model for an estimated rockfall hazard in California using a Savage and Hutter 
approach with a sophisticated, fully coupled fluid-solid model that successfully simulated initiationand transport of 
experimental debris flows without arbitrarily adjusting any model parameters. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Yasuo Onishi and 
Bernhard Schrefler 
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1. Introduction 
Early studies in granular flow noted the fluid like behavior in chutes and channels [1].  This qualitative 
similarity to fluid flows motivated development of a depth-averaged Saint Venant or shallow water model  
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for granular flow [1] that opened the door to development of routing models for debris flows and 
avalanches. In the intervening years, there has been development of numerous routing models (for 
example; Titan2d (http://en.wikipedia.org/wiki/TITAN2D),  Flo2d (https://www.flo-2d.com/), Fldwav 
(http://www.dodson-hydro.com/software/hydro-cd/programs/fldwav.htm), [37]) based on the      
approach [2] as well as numerous experimental and theoretical studies into the dynamics of granular flow.  
Much of the recent theoretical and experimental work has greatly expanded our knowledge of granular 
flow, but until recently this knowledge has not translated into more sophisticated routing models. In 
particular, experiments that define the details of the relationship between stress and deformation in 
granular flows have produced a large, yet remarkably consistent body of results that converge toward 
common relationships between stress, solids volume fraction, and shear rate. Both stress and solid volume 
fraction are related to the same ratio of  the time for microscopic rearrangement of grains in the solid 
matrix to macroscopic shear rate, emphasizing the influence that local stress states in the deforming 
material have on the bulk continuum [8]. This is in contradiction to the assumptions embodied in original 
approach of [2] to model rock avalanches, in which depth-averaging of conservation equations for mass 
and momentum ignores details of the dynamic internal structures or mechanisms in the flow.  
Unfortunately our knowledge of granular flow mechanics is still insufficient to produce a full set of 
constitutive equations on which to base a complete model for flow of dry or wet granular materials. 
Nonetheless, progress in the last five years has allowed for significant advances in understanding of 
granular flow and fluid-solid coupling in mixtures, and new flow models that use the results of recent 
research produce much more realistic environmental hazards assessments than are possible with any of 
the models listed above. 
In this paper I will contrast the standard application of a depth-averaged or Saint Venant model for 
hazards assessment of debris flows and avalanches with a more advanced approach. In particular I will 
contrast the approach used in two different flow simulations; one that uses standard methods to predict 
possible outcomes for a rock avalanche that may occur in California, and one that uses a more 
sophisticated model to analyze experimental data for debris flows. The California example is typical of 
current hazards assessment and is subject to limitations of the [2] formulation. In contrast, the latter 
example explicitly includes coupling between fluid and solid phases in the flowing debris, incorporating 
knowledge gained from recent research in granular flows and mixtures to accurately simulate 
experimental debris flows without arbitrarily adjusting parameters. The full inclusion of a fluid-solid 
coupling model allows for realistic initiation scenarios as well as an explicit model for the changing 
structure of flowing granular debris. This type of mixture model is a significant advance over traditional 
approaches and represents the future of environmental flow hazards assessment. 
 
2. Simple routing models 
 
The seminal work of [2] has been useful as the basis for a wide range of models constructed to route 
debris flows and avalanches. All of these models rely on depth-averaging of the 3d conservation 
equations for mass and momentum. These are, for conservation of mass  
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in which the velocity vector v , the bulk density U , and the stress tensor T are defined for a fluid-solid 
mixture, as discussed in [9]. Stress is assumed to be defined by the bulk properties and is constrained to 
satisfy a Coulomb criterion between shear stress and bulk confining stress.  For dry granular flow down a 
uniformly-sloping channel, depth-averaging in slope normal coordinates results in equations for mass 
conservation 
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in which all quantities are averaged over the depth of the flow. Here U is bulk density, h is flow depth 
normal to the slope, T  is the angle of the bed slope, u is downslope velocity, g c is the acceleration of 
gravity modified by additional slope-normal accelerations produced by flow over terrain, and apk is the 
ratio of lateral (x-direction) to bed-normal stress within the flow. The original equation for apk was 
presented in [2] assuming Coulomb yield distributed throughout the depth of the flow in response to 
along-slope contraction or extension. This expression describes generalized 1d Rankine failure in which 
Coulomb yield is modified by a bed friction boundary condition, the details of which are given in [9].   
There are just three forces given by the three terms on the right hand side of Eq. (4) that determine 
whether the net force is balanced or not, and that balance determines whether a mass will accelerate or not.  
The first term is the downslope component of the weight of the flow, the second term is the drag due to 
sliding on the bed, and the third term accounts for the forces produced by stress gradients resulting from 
lateral variations in the weight of the mass.  
Almost all current routing models for example, Titan2d (http://en.wikipedia.org/wiki/TITAN2D),  
Flo2d (https://www.flo-2d.com/), Fldwav (http://www.dodson-hydro.com/software/hydro-
cd/programs/fldwav.htm) , [37]) use some form of these equations for granular flow, and all are derived 
by integrating 3d Eqs. (1) and (2) over depth using the approach [2]. These models often assume that 
apk is approximately unity, though some models have attempted to provide better estimates than can be 
given by a modified Rankine estimate. For example, [4] uses a combined finite volume-finite element 
approach with a three-dimensional estimate of Coulomb yield to better estimate this stress ratio. Yet 
regardless of how accurate the Coulomb yield calculation is, or how accurate the numerical methods used 
to obtain solutions to these equations are, the fundamental limitation to this approach is the simple force 
balance in Eq. (4) or Eq. (5) below. This balance is obtained by depth integration of Eqs. (1) and (2) 
without regard to any potential changes in the internal structure that occur during motion. Consequently 
all of these models have the same three forces driving flow downhill and there is no mechanism to evolve 
the force balance driving or resisting flow through changes in internal structure or stress state. This is 
particularly critical in initiating motion to simulate an avalanche or debris flow, as initial accelerations 
often are the primary indicator of runout distance. 
When pore fluid pressure is included in a single phase model, it is integrated over depth and input as a 
basal pore pressure, and model parameters are redefined for a mixture which contains an interstitial pore 
fluid. The momentum equation is approximately written as [10] 
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in which O is the ratio of basal pore fluid pressure bedp to the effective weight of the flow cosg hU Tc . 
Note that if apk is unity then the only effect of pore pressure is to reduce the effective value of bed friction 
bedP retarding motion of the flow. The force balance is determined by the same three forces on the right 
hand side of Eq. (5) just as it is in Eq. (4) but now modified for pore pressure.   
Other single phase models have incorporated more complex friction laws based on granular flow 
mechanics that produce quantitative predictions of spreading of the front of a flow or surface    
instabilities [11, 12]. These models, though including more of the physics of granular flow into the 
momentum equation, do not incorporate fluid flow. They do evolve stress based on changes in flow 
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dynamics, but the resistance increases with the rate of deformation (work-hardening).  Consequently, as 
with the formulations above, there is no mechanism to initiate catastrophic failure of debris undergoing 
slow or creeping deformation.  
Two phase models using the approach [2] have also been proposed [5, 13], in which a solid phase and 
pore fluid phase are kept separate and are coupled through viscous drag. In addition to the three force 
components that drive flow in Eq. (5), these equations include a drag term based upon the bulk velocity 
difference between the two phases.  Though in principle this couples the fluid and solid phases, the drag 
does not represent the coupling by which changes in the configuration of the solid matrix of grains affects 
local changes in pore pressure. The drag only serves to accelerate or decelerate the fluid to minimize the 
difference between the bulk fluid and solid velocity.Consequently the force balance driving momentum 
continues to be dominated by the three terms on the right hand side of Eqs. (4) or (5), and initiation of 
debris flows or avalanches remains an arbitrary exercise to select the force imbalance to initiate flow. 
The arbitrary nature of hazards estimation with these types of Savage and Hutter [2] models is 
illustrated here by reference to the Ferguson rockslide in Merced canyon, California [14]. Flow 
simulations were done for an incipient rockfall threatening the highway in Merced River Canyon, 
California, using a model [4] developed with a approach [2]. As shown in Fig. 1, the landslide is initiated 
within an intermittently-creeping rock mass perched on a slope above a river bend in the canyon. Two 
cases are shown, each with a different value for bed friction (the second term on the right hand side of   
Eq. (4)), and this value of bed friction determines the magnitude of the force imbalance that drives the 
initial acceleration of the landslide and consequently the eventual runout of the debris [15]. Yet this is 
unrealistic.  The Ferguson rockslide was at rest on the slope for at least 100 years above the main 
thoroughfare into Yosemite Valley before the first small failure was observed ( most likely destabilized 
by some process of fluid-solid coupling since monitoring data show that motion of the landslide mass 
varies with rainfall). To investigate various initiation mechanisms involving interstitial water in the 
rockslide, fluid-solid coupling has to be explicitly included. 
 
3. Debris flow/avalanche models with explicit fluid-solid coupling 
 
The addition of fluid-solid coupling to a routing model for debris flows and avalanches, in which a 
continuity equation for interstitial pore fluid and/or evolution equations for pore fluid pressure and solid 
volume fraction is added to Eqs. (1) and (2) before depth averaging, is not trivial. For example, if pore 
pressure is a variable, then how does it vary over depth and how should it be included in a depth-averaged 
model? How will the internal mechanical coupling between solids and fluids affect the relationship 
between vertical and horizontal stresses in the flowing debris, and hence lateral momentum transfer? How 
does one include separate solid and fluid velocities that result from this coupling into a mechanical model? 
These sorts of questions illustrate some of the difficulties in incorporating interstitial fluid pressures 
explicitly, because unlike early two-phase flow models based on the approach [2] that simply proposed 
drag between phases, the next generation of flow models explicitly couple rearrangements of grains in the 
solid matrix fraction to pore pressure fluctuations during flow. Using concepts borrowed from critical 
state soil mechanics [16], the coupling of deviatoric stress, solids volume fraction, and pore pressure can 
be defined in terms of a trend toward an equilibrium state defined for a given geometry (flow depth and 
bed slope), bulk weight, and rate of deformation. However classical critical state theories are independent 
of shear rate and need to be modified for rapid deformation of granular mixtures, so experimentation is 
required to indicate the relationship between stress, shear rate, and dilatancy.  
Understanding the details of coupling between fluids and solids during rapid deformation of granular 
mixtures has progressed over the last five years. Though coupling of dilatancy to pore pressure 
fluctuations for a landslide model was introduced by [17], this was for quasi-static deformation of a 
sliding mass. Experiments on dry granular flows [8] and wet granular flows [18] have shown that friction 
is shear rate dependent, and some results of this work has been incorporated into depth averaged theories 
using critical state concepts. An initial model using a simple critical state law based upon rearrangements 
of grains during shear was applied to submarine flows by [19]. They use geometric arguments to provide 
a simple physical explanation and equation for the dilatancy angle and shear of a granular medium, and 
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use this to derive a simple model to couple shear deformation to fluid flow through dilatancy. Using 
critical state concepts, they relate dilatancy to the difference between the solids volume fraction and an 
“equilibrium” solids volume fraction for a given confining stress and shear rate. More recent work has 
built on this development. A model constructed for subaerial debris flows and avalanches by [20] utilized 
much of the recent work on granular flow, incorporating critical state mechanics, grain-flow mechanics, 
and fluid mechanics. Both [19] and [20] describe their models in terms of physical parameters that can be 
independently measured and compared with experimental data, setting a high standard that advances our 
understanding of these flows. 
The fully coupled two-phase debris flow model  introduced into the literature by [20] contains many 
advanced concepts, and I present it here to contrast the new generation of models with  traditional routing 
models used for hazards assessment that are exemplified by Eqs. (3) and (5). In [20] they derive 
conservation equations, evolution equations (Eqs. (8)(9)) and two closure equations (Eqs. (10) and (11)) 
for the depth-integrated dilation rate D and the dilatancy angle\ to describe subaerial flow of a saturated 
granular mixture of fluids and solids. Assuming that the earth pressure coefficient ap 1k | , these 
equations are 
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in which k is hydraulic permeability, gA = cosg T is the gravitational acceleration perpendicular to the 
sloping bed, g = sing T is the gravitational acceleration parallel to the sloping bed, h is flow depth, v is 
the downslope velocity, P is fluid viscosity (Pa-s), \ is dilation angle,D is mixture compressibility, 
fU is fluid density,  and m is solids volume fraction[20]. The equilibrium solids volume eqm is equivalent 
to the critical state value critm when N is zero. The parameter N is equivalent to the reciprocal of the 
friction number introduced by [9]. All dependent variables are averaged over flow depth, and the values 
of 1C and 2C are measured independently [20]. The first two equations above correspond to conservation 
of mass and momentum, respectively, the third and fourth equations are evolution equations for solids 
volume fraction and pore pressure, respectively, and the fifth equation relates the dilation rate to pore 
pressure.  In the expressions for the source terms on the right hand side of Eq. (7), the bed shear stresses 
from solids and fluid, respectively, are 
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Superficially this new formulation looks similar to the old formulation (Eqs. (3) and  (5)). The left 
hand side of conservation Eqs. (6) and (7) are nearly the same as Eqs. (3) and (5) with the exception of 
the coupling term involving dilation rate D , which is a function of bedp . And the right hand sides of both 
sets of momentum equations contain terms for downslope acceleration, basal drag, and pressure gradients 
arising from gradients in flow depth. Here the similarity ends, as the differences between this approach 
and traditional methods are defined by more complicated physics embodied into force mechanisms in the 
fully coupled model of [20].  In the new approach, small changes in bedp , which affects basal drag and 
therefore flow acceleration, are coupled to deformation in the momentum Eq. (7) through changes in the 
evolution equation (9) for pore pressure.  Internal coulomb yield is not simply described in terms of 
kinematic conditions, as is common [3] in the approach [2]. Instead internal stress, gradients in pore 
pressure, and changes in solid volume fraction are tied to shear strain rate through the dilatancy angle \ , 
which measures solids volume expansion or contraction as it is sheared. The coupling of shear rate and 
pore pressure fluctuations allows flow variables to evolve with continued deformation, and it is this 
evolution in stress, deformation, and pore pressure with flow that changes the stability of the flow and the 
force balances that drive flow. 
Application of this model with explicit dilatancy-dependent fluid-solid coupling to the Ferguson 
rockslide would allow physically-reasonable initiation scenarios to be investigated. Rather than simply 
adjusting the force imbalance in Eq. (5) by, say, arbitrarily using a low bed friction value as in Fig. 1 or 
an arbitrarily high value of bedp , it is possible with Eqs. (6)  (13) to slightly increase bedp in a static 
avalanche mass (for example, with rainfall) and let the stability of the rock mass evolve as deformation 
progresses.  In this way natural failure scenarios are achieved.  In their paper, [20] compare their debris 
flow simulations with detailed experiments producing debris flows at the 2 m by 90 m long USGS     
flume [21]. They show that debris flow initiation from a static state into a deforming mixture of silt, sand, 
gravel and water, which subsequently flows down a 31o slope, issimulated by their fully-coupled model. 
Here all parameters are measured in separate experiments and input prior to simulation: there are no 
arbitrary adjustments of model parameters. 
 
4. Future challenges 
 
Despite significant progress made in recent years, there are still fundamental aspects of debris flows 
and avalanches that are not included in any routing model. Among the most significant phenomenon are 
Eq. (1) grain-size segregation [22] and Eq. (2) entrainment of bed sediment [23], both of which occur 
during flow. Grain size segregation in particular is expected to have a large impact on models that include 
details of fluid-solid coupling during flow. While important, the observed complexity of these phenomena 
in experiments [24] present significant challenges to their inclusion into routing models for debris flows 
and avalanches. Most likely, successful implementation of segregation will require more experiments 
relating rearrangements in the solid matrix to pore pressure when there are different grain sizes involved, 
and implementation of an entrainment model will require experiments relating mobilization of the bed to 
fluid-solid coupling or solid-solid coupling for wet and dry flows, respectively. 
 
5. Conclusions 
 
Granular materials appear to exhibit flow behavior similar to many types of fluids.  This similarity 
motivated the development of granular flow models patterned after shallow water flow, as in the seminal 
work of [2], with stresses described by bulk variables and Coulomb yield of granular debris. The result is 
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that conservation of mass and momentum in these models is constrained by just three forces: the force 
driving downslope acceleration, drag along the bed, and along-slope pressure differences produce by 
lateral gradients in weight and thickness in the flow.  Interstitial pore pressureis integrated over depth and 
described in terms of pore fluid pressure along the bed, affecting drag and acceleration of the flow. With 
such limited constraints, avalanche models are too simple. Simulations of avalanches done to estimate 
initiation, transport, and deposition must necessarily begin from an unrealistically unstable condition. In a 
typical simulation, a large force imbalance is arbitrarily imposed to produce the initial acceleration 
needed to reproduce the runout and deposit observed. All models constructed using the approach [2] and 
which ignore evolution of the internal structure of the flow, whether they are single phase or two phase, 
suffer from this limitation. 
It has taken more than two decades after the seminal work of [2] for research in granular flow to 
generate a body of  knowledge sufficient to create a new and more powerful class of models. These 
models utilize and must constrain more equations, but this is necessary to explicitly include the physics of 
phenomenon, such as fluid-solid coupling, that affect the internal structure and internal stress state of the 
flow. This new class of models is defined by the ability to naturally evolve from one internal stress state 
to another, and allow initiation, transport, and deposition processes to be investigated more thoroughly. 
An example of this new class of models was recently published that explicitly incorporates fluid-solid 
coupling [20], and the results generated by this model illustrate the benefits of this more sophisticated 
approach. Observations of initiation and transport of large experimental debris flowswere accurately 
simulated using a model in which all parameters were measured independently. The successful flow 
simulations did not resort to any arbitrary adjustments of model parameters – a gold standard for this type 
of research. Such success lends confidence that the knowledge being gained from continued research into 
granular flow mechanics, if used wisely to build sophisticated avalanche transport models, will vastly 
improve our ability to mitigate environmental flow hazards. 
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Fig. 1. Results of simulations of the potential full release of the Ferguson rockslide, Merced River Canyon, California, USA, 
using a simple model constructed with the approach [2]. With this approach, the value of bed friction determines the force 
imbalance when the simulation starts, and so the magnitude of this force imbalance is chosen so that the simulated runout 
distribution will match the observed runout distribution of debris. The lower the bed friction the higher the initial acceleration and 
the longer the runout distance. Here the topography is shown as a color shaded relief map with no vertical exaggeration, and the 
rockslide distribution is contoured with black lines for the initial distribution obtained from mapping and the final deposits estimated 
from model simulation. More sophisticated models for avalanche initiation, transport, and deposition can vastly improve this 
hazards estimate by incorporating knowledge gained from research into granular flow mechanics. Experimentation has shown that 
this new class of models does not require arbitrary adjustments of model parameters to successfully simulate observed flows. 
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